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Bacterial replication origins move towards opposite
ends of the cell during DNA segregation. We have
identified a proline-rich polar protein, PopZ, required
to anchor the separated Caulobacter crescentus
chromosome origins at the cell poles, a function
that is essential for maintaining chromosome organi-
zation and normal cell division. PopZ interacts
directly with the ParB protein bound to specific
DNA sequences near the replication origin. As the
origin/ParB complex is being replicated and moved
across the cell, PopZ accumulates at the cell pole
and tethers the origin in place upon arrival. The polar
accumulation of PopZ occurs by a diffusion/capture
mechanism that requires the MreB cytoskeleton.
High molecular weight oligomers of PopZ assemble
in vitro into a filamentous network with trimer junc-
tions, suggesting that the PopZ network and ParB-
bound DNA interact in an adhesive complex, fixing
the chromosome origin at the cell pole.
INTRODUCTION
The localization of proteins and DNA/protein complexes in bac-
terial cells is well documented (Errington et al., 2003; Shapiro
et al., 2002). Dynamic intracellular localization patterns are inte-
gral components of bacterial regulatory networks, and mediate
sequential structural changes as bacteria move through their
cell cycle (Goley et al., 2007; Rothfield et al., 2005) or respond
to environmental challenge, as is the case in Bacillus subtilis
sporulation (Barak and Wilkinson, 2005). An example of posi-
tion-dependent sequential changes in cellular organization is
the polar targeting of the Caulobacter crescentus replication
origin/ParB complex, which, in turn, directs the selection of the
midcell site for cytokinetic FtsZ ring formation. TheC. crescentus
orthologs of the plasmid partitioning proteins, ParA and ParB,are essential proteins involved in chromosome segregation
and cytokinesis (Mohl et al., 2001; Figge et al., 2003). ParB binds
specifically to several chromosomal parS sites near the replica-
tion origin (ori/ParB), and upon origin duplication, one copy of the
ori/ParB complex travels across the long axis of the cell and be-
comes fixed at the cell pole (Figure 1A). A novel ATPase, MipZ,
binds directly to ParB and travels with the replicated origin to
the cell pole. MipZ restricts assembly of the FtsZ ring by stimu-
lating the FtsZ GTPase activity (Thanbichler and Shapiro,
2006). Because the highest concentration of MipZ resides at
the cell poles and minimal concentration is near the cell center,
the cell division ring can only assemble at midcell. If MipZ is
not concentrated at the poles, the cell division ring cannot
form at the correct place in the cell and at the appropriate time
in the cell cycle. Thus, in C. crescentus the molecules involved
in anchoring DNA-protein complexes to a specific cellular loca-
tion are critical components of an integrated temporal and spa-
tial system controlling the cell cycle.
Chromosomal origins are localized to and retained at the cell
poles in C. crescentus (Jensen and Shapiro, 1999) and Vibrio
cholerae (Fogel and Waldor, 2005), and during B. subtilis sporu-
lation (Webb et al., 1997). In the case of both C. crescentus and
V. cholerae, it is not known whether there is a mechanism that
physically holds the origin region at the cell pole, or if the origin
is simply transported to the pole and then maintained there
within the limits of diffusion. Fogel and Waldor (2006) have pro-
vided evidence suggesting that the newly replicated origin region
of chromosome I in V. cholerae traverses the cell via the pulling
action of ParA polymers. The model proposed for origin move-
ment and polar retention in V. cholerae is that the ori/ParB com-
plex is bound to retracting ParA polymers that are attached
to the pole via an unknown polar protein that serves to retain
the ori/ParB/ParA complex at that pole. In C. crescentus, the
actin-like protein MreB has been implicated in the moving the
newly replicated origin across the cell (Gitai et al., 2005), and
the polar localization of segregated origins has been shown to
depend on the expression of ParB (Figge et al., 2003). During
B. subtilis sporulation, the RacA protein mediates the anchoring
of the duplicated origin to the cell pole (Ben-Yehuda et al., 2003).Cell 134, 945–955, September 19, 2008 ª2008 Elsevier Inc. 945
Figure 1. PopZ Is Required for the Polar Localization of Chromo-
some Origins
(A) Chromosome segregation in C. crescentus. The chromosome (solenoid
structure in diagram) is organized such that the replication origin, in complex
with ParB, is found at the flagellar pole, and the chromosome arms extend
the length of the cell axis, ending at the replication terminus at the opposite
pole. Chromosome replication is initiated with the formation of the replisome
during the swarmer to stalked cell transition (1), and a copy of the duplicated
origin, in complex with ParB, is rapidly translocated to the opposite pole (2).
The remaining bulk of chromosomal DNA follows this pattern of movement
as it is replicated and segregated (3–5), allowing chromosome organization
to be maintained in the daughter cells (6).946 Cell 134, 945–955, September 19, 2008 ª2008 Elsevier Inc.RacA binds preferentially to 25 recognition sequences spread
over a large presumed centromeric region that has been postu-
lated to interact with a polar protein complex (Ben-Yehuda et al.,
2005). A protein required for the retention of the RacA/centro-
meric region at the cell pole is the DivIVA polymer, which resides
at the pole (Ben-Yehuda et al., 2003). Because a direct interac-
tion between RacA and DivIVA has not been demonstrated,
nor has a polar binding protein been identified in V. cholerae,
a protein complex that directly attaches the origin to the pole
has yet to be identified in any bacterial system.
Here, we report the discovery of a polar protein, PopZ, that lo-
calizes to the cell poles and binds directly to the ParB protein po-
sitioned at the newly replicated origin region of theC. crescentus
chromosome. Upon replication initiation, one duplicated origin,
in complex with ParB, traverses the long axis of the cell. The con-
comitant assembly of PopZ at the receiving cell pole is essential
for the capture and retention of the ori/ParB complex at this loca-
tion. Single molecule visualization of PopZ-YFP in living cells is
consistent with a diffusion/capturemechanism of PopZ accumu-
lation at the cell pole, indicating that additional factors partici-
pate in the accumulation of PopZ at the receiving pole. One of
these factors is shown to be the bacterial actin homolog, MreB.
RESULTS
PopZ Is Required for the Polar Localization
of Chromosomal Origins
We initiated a search for a candidate polar protein that captures
and retains the C. crescentus origin at the cell pole with a bioin-
formatic screen for factors that are associated with known polar
proteins. We used a set of computational techniques that predict
interactions between proteins in bacteria (Srinivasan et al., 2006)
based on the observation that functionally interacting proteins
tend to be expressed from genes that evolve in a correlated fash-
ion (Pellegrini et al., 1999). Using 46 known polar localized
C. crescentus proteins as ‘‘bait’’ (Table S1 available online), we
identified a set of 36 conserved hypothetical proteins that are
strongly predicted to interact with the members of this list.
One of the candidates was a novel 19 kDa protein encoded by
the C. crescentus genetic locus CC1319 (accession number
(B) CFP-ParB localization in the presence and absence of PopZ. Strain MT190
(cfp-parB) is comparedwith strain GB308 (cfp-parB;DpopZ). Cells were grown
in minimal M2G media. Bar 2mm.
(C) Time-lapse fluorescence microscopy of living cells demonstrates move-
ment of the CFP-ParB foci towards and away from the cell poles in DpopZ
cells. (see Movie S1 in the Supplemental Data available online). Strain
GB308was grown inM2G, and cells were placed on an agarose pad for micro-
scopic analysis. Images were collected every 10 min, for 150 min.
(D) Construction of the popZ depletion strain GB195 (DpopZ; PvanA-popZ).
To demonstrate PopZ depletion, wild-type and GB195 were grown in PYE +
500 mM vanillate, then transferred to vanillate free medium. At the indicated
times, an aliquot of the culture was removed for immunoblot analysis with
anti-PopZ antibody.
(E) Visualization of the origin region using the LacO/LacI-CFP FROS technique
in a PopZ depletion strain. Strain GB196 (popZ; PvanA-popZ; PxylX-lacI-cfp;
CC0006::(lacO)n) was grown in PYE medium in the presence or absence of
500 mM vanillate to control PopZ expression. Arrows point to polar foci. The
scale bar represents 2 mm.
EU872488). An in-frame deletion of the CC1319 coding se-
quence yielded cells that lacked polar stalks and had a cell divi-
sion defect (Figure S1), yet remained viable despite poor growth.
The deletion phenotype was fully complemented by expressing
the CC1319 coding sequence from an inducible promoter at
a distant chromosomal site, demonstrating that the defects
could be attributed to the loss of CC1319. This gene, found in
all alpha-proteobacteria, was named popZ for Polar Organizing
Protein-Z.
Aberrant cell division is an expected phenotype of chromo-
some origin mislocalization (Thanbichler and Shapiro, 2006).
To determine if this is the case in the popZ deletion mutant, we
tracked the position of the chromosome ori/ParB complex using
strains in which the parB coding sequence was replaced with
Figure 2. Upon Initiation of DNA Replication, PopZ Colocalizes with
the ori/ParB Complex at the New Pole
(A) Time-lapse analysis of CFP-ParB and PopZ-YFP localization. Swarmer
cells were isolated from a culture of GB301 (cfp-parB; PvanA-popZ-yfp) grown
in M2G. Vanillate was added at 50 mM 2 hr prior to synchronization of the cell
culture. Swarmer cells were placed on an agar pad, and images were collected
at the indicated times. Top panels: PopZ-YFP (red) over phase contrast image
(grey); bottom panels: CFP-ParB (green) is added to show colocalization of the
fluorescent markers (yellow). The arrow at the 20 min time point indicates
a pole that accumulates PopZ-YFP before the arrival of the CFP-ParB focus.
The scale bar represents 1 mm.
(B) Diagram showing the localization patterns of PopZ-YFP and CFP-ParB
through the cell cycle. The percentage of cells showing the different patterns
is indicated (n = 406 cells, from two separate experiments that differed by
less than 10% in all categories).cfp-parB, using fluorescence microscopy as described by Than-
bichler and Shapiro (2006). In theDpopZ background, a high per-
centage of CFP-ParB foci were dissociated from the cell poles
(Figure 1B). Time lapsemovies (Figure 1C andMovie S1) showed
that the CFP-ParB foci remain delocalized for long periods of
time, and their position was not fixed within the cell. Nearly all
of the foci move back and forth within the cytoplasm, including
those that were in close proximity to the pole. By contrast,
CFP-ParB foci were consistently found at the cell poles in wild-
type cells, and their movement was highly constrained (Movie
S2). Because DpopZ cells form filaments, the chromosome ori-
gin mislocalization phenotype might be caused by the inability
of the nucleoid structure to compensate for the changes in cell
length and volume. Accordingly, we examined origin localization
in two mutants that are directly inhibited in division plane forma-
tion, and found that the CFP-ParB foci remained attached to the
poles in these elongated cells (Figure S2). These results suggest
that there is a specific requirement for PopZ in retaining ParB foci
at the cell pole.
We confirmed that the polar retention of the chromosome ori-
gin itself is dependent on the presence or absence of PopZ using
FROS (Fluorescent Repressor-Operator System) to label a DNA
region adjacent to the origin of replication. To do this, we used
a strain in which an array of lac operator sequences was inserted
at a site 4 kb away from the origin, and which carried lacI-cfp un-
der control on an inducible promoter (Viollier et al., 2004). This
chromosome labeling system was incorporated into a PopZ de-
pletion strain (Figure 1D), in which the endogenous popZ coding
sequence was deleted and a copy of popZ was placed under
control of the vanillate inducible vanA promoter at the vanA chro-
mosomal locus. When these cells were grown in the absence of
vanillate, the PopZ protein was depleted (western blot shown in
Figure 1D) and the LacI-CFP labeled DNA dissociated from the
cell poles (Figure 1E, upper panel). When PopZ was added
back to the cells by vanillate induction, the origin mislocalization
phenotype was rescued (Figure 1E, arrows). Thus, the polar
localization of chromosome origins can be controlled by modu-
lating the accumulation of PopZ.
Dynamic, Cell Cycle-Dependent Localization of PopZ
to the Cell Poles, and Colocalization with ParB
PopZ protein is present at constant levels throughout the cell
cycle (Figure S1). To determine if it is targeted to specific cellular
locations, we replaced the chromosomal popZ coding sequence
with popZ-yfp. This modification to PopZ permitted stalk forma-
tion and cell division, though some of cells were slightly elon-
gated compared to wild-type. Time-lapse visualization of
synchronized cell populations (Movie S3) showed that PopZ-
YFP was located at the flagellar pole of the swarmer cell, and
that it remained at this pole upon the swarmer-to-stalked cell
transition. The stalked cell developed a second PopZ-YFP focus
at the opposite pole, and maintained a bipolar localization pat-
tern of PopZ-YFP until cell division. We obtained identical local-
ization data using amerodiploid strain in which the chromosomal
popZ locus was unperturbed and popZ-yfp was transcribed at
low levels from an inducible promoter at the chromosomal
vanA locus (Figure 2 and data not shown). In these experiments,
cell morphology was indistinguishable from wild-type.Cell 134, 945–955, September 19, 2008 ª2008 Elsevier Inc. 947
The cell cycle-dependent localization pattern of PopZ-YFP is
similar to that described for the chromosomal origin of replica-
tion (Figure 1A), (Jensen and Shapiro, 1999). To determine if
the ori/ParB complex colocalizes with PopZ-YFP, we con-
structed a double-labeled strain, in which the chromosomal
parB gene was replaced with a cfp-parB derivative and popZ-
yfp was transcribed from the chromosomal vanA locus. Time-
lapse visualization of a synchronized population of cells (Fig-
ure 2A) showed that PopZ-YFP and CFP-ParB colocalized at
the flagellated pole of the swarmer cell. As the swarmer cell dif-
ferentiated into a stalked cell, PopZ-YFP appeared at the oppo-
site pole, close in time but not necessarily coincident with the ar-
rival of ParB-CFP at the newly replicated origin (Figure 2A, arrow
and schematic in Figure 2B). PopZ-YFP was never observed to
track with CFP-ParB as it moved across the cell; in contrast,
PopZ-YFP was first visible at the pole as a faint focus, increasing
in intensity as the cell cycle progressed. When both markers
were present at the new pole, PopZ-YFP and CFP-ParB always
colocalized.
PopZ-YFP appeared before the arrival of the ori/ParB complex
in approximately one-third of the observed cells (upper cell,
Figure 2A), and this order was reversed at nearly the same fre-
quency (lower cell, Figure 2A). In the remaining cases, the two
markers appeared together within the same six minute time
frame. When the CFP-ParB focus preceded the arrival of
PopZ-YFP by more than one time frame, the CFP-ParB focus
did not settle in place at the extreme end of the cell until the ar-
rival of PopZ-YFP (Movie S4). We also observed that, while co-
localization of PopZ-YFP and CFP-ParB was maintained at the
new pole, the localization pattern of these two markers changed
at the stalked pole: CFP-ParB became somewhat displaced
from the pole, while PopZ-YFP retained its position adjacent to
the base of the stalk (Figure 2A and 2B). Time-lapse movies re-
vealed that the CFP-ParB foci at the stalked pole exhibit a slight
increase in motion relative to their counterparts at the opposite
pole (Movie S5). Together, these observations provide evidence
that ori/ParB is fixed to the pole when it colocalizes with PopZ.
PopZ Physically Interacts with the Chromosome Origin
via ParB
To investigate the possibility that there is a physical association
between PopZ and the ori/ParB complex, we performed a coim-
munoprecipitation experiment (Figure 3A), using a strain in which
the endogenous popZ coding sequence was replaced with epi-
tope tagged popZ-m2. A membrane permeable crosslinking
agent was added to cells prior to lysis, then PopZ-M2 and asso-
ciated proteins immunoprecipitated with an anti-M2 antibody.
Western blots of the purified product using an anti-ParB anti-
body showed that ParB was part of the PopZ complex, while
a control protein, FtsZ, was not.
We used three independent experimental approaches to
determine if PopZ interacts directly with ParB; a heterologous
expression system, Surface Plasmon Resonance, and electro-
phoretic mobility shift assays. The heterologous expression sys-
tem was designed to enable independent control of PopZ-YFP
and CFP-ParB expression in Escherichia coli. Because homo-
logs of the popZ gene are not found in E. coli, and the E. coli
chromosome does not encode the ParB partitioning system,948 Cell 134, 945–955, September 19, 2008 ª2008 Elsevier Inc.any proteins that could be promoting the indirect association
of these proteins inC. crescentus are not expected to be present
in this system. We constructed an E. coli strain in which PopZ-
YFP and CFP-ParB are under the control of L-arabinose induc-
ible araBAD and IPTG inducible T7 promoters, respectively.
Surprisingly, when PopZ-YFP expression was induced in the
absence of CFP-ParB, the protein formed foci at one pole of
the E. coli cell. This effect was observed at all induction levels
tested (Figure S3), indicating that this behavior is not an artifact
of overexpression. When CFP-ParB was expressed in combina-
tion with PopZ-YFP, the CFP-ParB protein colocalized with the
PopZ-YFP foci (Figure 3B, left panels). However, CFP-ParB
was dispersed in the absence of PopZ-YFP expression
(Figure 3B, right panels), indicating that CFP-ParB was recruited
to the pole by interacting with the PopZ-YFP. We also found that
CFP-ParB was recruited into polar foci when un-tagged PopZ
protein was expressed (Figure S3), demonstrating that the native
PopZ protein has the same activity. To determine if this recruit-
ment can be explained by nonspecific interactions between pro-
tein aggregates, we expressed CFP alone or the histidine kinase
DivK-CFP (Jacobs et al., 2001) in the presence of PopZ-YFP
(Figure 3C). Neither of these proteins was recruited to the
PopZ-YFP foci, indicating that PopZ-YFP directly and specifi-
cally recruits CFP-ParB in this E. coli expression system.
The direct interaction between PopZ and ParB was demon-
strated in vitro using Surface Plasmon Resonance (Figure 3D).
When ParB was bound to the chip surface and probed with
a buffer solution containing PopZ, we observed an increase in
mass on the chip surface (representing PopZ binding) that was
dependent on the concentration of PopZ protein in the buffer.
Using this system, we determined the equilibrium dissociation
constant for the interaction between ParB and PopZ to be 20
nanomolar, indicating a tight association. In control experiments,
neither bovine serum albumin (BSA) norC. crescentus FtsZ were
capable of interacting with ParB or PopZ, and ParB exhibited
minimal interaction with itself, demonstrating the specificity of
the interactions we observe by this technique (Figure 3D). The re-
verse experiment, in which His-tagged PopZ was bound to the
chip surface and probed with ParB in suspension, also indicated
an interaction between these proteins, and no interaction was
observed with BSA or FtsZ (data not shown).
We performed electrophoretic mobility shift assays to deter-
mine if the PopZ-ParB interaction occurs in complex with parS
DNA (Figure 3E). When ParB was mixed with two labeled DNA
probes, a 614 base pair sequence containing two tandem parS
sites and a 435 base pair sequence with no parS sites, only the
parS-containing sequence was shifted to a higher molecular
weight form (Figure 3E, lanes 1 and 2), demonstrating the spe-
cific association of ParB with its target site. When PopZ was
added to the reaction, the band corresponding to the parS-ParB
complex was shifted to a higher molecular weight form indicative
of a ternary parS-ParB-PopZ complex (Figure 3E, lane 3). The
addition of PopZ in the absence of ParB did not cause a shift
in the mobility of probe DNA (Figure 3E, lane 4), demonstrating
that the association of PopZ with DNA was promoted by the
presence of ParB in complex with parS. These reactions were
performed in the presence of BSA and salmon sperm DNA, indi-
cating that the complexes form in the context of competition
Figure 3. PopZ Interacts Directly with ParB
(A) Coimmunoprecipitation assays show that PopZ forms a complex with ParB in vivo. Samples of the whole cell lysate (Ly) from strain GB135 (popZ-m2) and
immunoprecipitated protein complexes (E) were probed with the indicated antibodies by western blot.
(B) CFP-ParBwas expressed in the presence (left panels) or absence (right panels) of PopZ-YFP in E. coli strain GB333. Cells were grown in LBmedia to an optical
density range of 0.3–0.5, then CFP-ParB was induced with 0.1mM IPTG and PopZ-YFPwas either induced with 0.2% L-arabinose or not induced in the presence
of 0.2% D-arabinose (as indicated) for 2 hr. Although PopZ-YFP alone localized to one E. coli cell pole, polar localization of CFP-ParB only occurred when PopZ-
YFP was present.
(C) CFP (left panels) and DivK-CFP (right panels) were expressed in the presence of PopZ-YFP in E. coli strains GB342 and GB367, respectively. PopZ-YFP was
induced with 0.2% L-arabinose, and either CFP or DivK-CFP was induced with 0.1mM IPTG or 0.01mM IPTG, respectively, to account for relative differences in
expression level.
(D) Surface Plasmon Resonance analysis of the interaction between PopZ, ParB, FtsZ, or BSA in solution with immobilized ParB on the chip surface. Protein was
injected at concentrations of 125, 250, and 500 nM (blue, red, and green lines, respectively, at time 0), followed by injection of BC buffer only (180 s) to observe
dissociation.
(E) Mobility shift assay. Radioactively labeled probe DNA (1.1 nM) was incubated in reaction buffer alone (lane 1); with 450 nMParB (lane 2); with 450 nMParB and
650 nM PopZ (lane 3); or with 650 nM PopZ (lane 4). The DNA and DNA-protein complexes were resolved on a nondenaturing gel and visualized by autoradiog-
raphy. The control probe (without parS) is labeled with an asterisk.from nonspecific protein-protein and protein-DNA interactions.
The specific interaction between PopZ, ParB, and parS DNA
probe was also observed when the concentration of salmon
sperm DNA was reduced (data not shown), but some nonspe-
cific interaction between PopZ and probe DNA was also de-
tected under these conditions.
PopZ Is Targeted to the Cell Poles
To observe the behavior of single molecules of PopZ-YFP in liv-
ing cells, we used high speed video microscopy to track the mo-tion of individual molecules with 32 millisecond time resolution
(Kim et al., 2006). To resolve single molecules in these experi-
ments, we engineered a strain that produces PopZ-YFP at
roughly 1–10 PopZ-YFP molecules per cell, in addition to normal
levels of untagged PopZ. Two distinct molecular behaviors were
observed: pole-localizedmolecules stayed at the pole to the pre-
cision of the position measurement (60 nm), and mobile mole-
cules explored a large region of the cell interior (Figures 4A and
4B). The mobile molecules frequently sustained brief periods of
contact with the cell pole (Figures 4B and 4C, arrowheads),Cell 134, 945–955, September 19, 2008 ª2008 Elsevier Inc. 949
and on some occasions they appeared to become fixed at the
pole, where they remained stationary until photobleaching
ended the experiment (Figure 4C, open arrowhead). This
dynamic behavior of single PopZ molecules is consistent with
a diffusion/capture mechanism for polar localization in which
PopZ exhibits diffusive behavior in the cytoplasm and can be
captured and immobilized at the cell pole.
In order to identify the factors that contribute to PopZ polar lo-
calization, we disrupted the function of candidate proteins. One
of thesewas TipN, which acts as a polar landmark by associating
with the division plane, then remaining at the new pole to recruit
proteins required for polar morphogenesis (Huitema et al., 2006;
Lam et al., 2006). We observed normal PopZ-YFP localization in
a DtipN deletion strain (Figure S2). To determine if the interaction
between ParB and PopZ is necessary to stabilize the accumula-
tion of PopZ at the new pole, we also examined PopZ-YFP local-
ization in a ParB depletion strain. Again, we found that this
perturbation did not prevent the polar localization of PopZ
Figure 4. Visualization of Single PopZ-YFP Molecules in Live Cells
(A) Time-lapse visualization of two molecules in a cell, with colored lines track-
ing the distance moved between 32.2 ms frames. One molecule (red) remains
localized to the pole, and the other (green) has increased mobility. The tracks
are overlaid on a transmitted light image of the cell, outlined in black.
(B) A representation of the data from the experiment in A, showing the distance
of the molecules from one pole as a function of time. The black horizontal dot-
ted line marks the opposite pole; the red and green lines follow the stationary
and mobilized molecules, respectively.
(C) A sampling of the time-dependent behavior of single molecules in other
cells. For all graphs, the colored lines are dotted during dark (blinking-off)
periods. The cells are strain GB175 (PvanA-popZ-yfp), grown without vanillate
in M2G medium.950 Cell 134, 945–955, September 19, 2008 ª2008 Elsevier Inc.(Figure S2). However, we found that an actin-like protein,
MreB, contributes to the localization and maintenance of PopZ
at the cell pole. When we treated swarmer cells with A22, a small
molecule inhibitor of MreB activity (Gitai et al., 2005), the propor-
tion of cells at the swarmer-to-stalked-cell transition that were
able to accumulate PopZ at the new pole was greatly reduced
compared to controls (Figure 5A). The inhibitory effect of A22
on PopZ-YFP polar accumulation was observed on both aga-
rose pads and in liquid media. Although long periods of growth
in the absence ofMreB activity causes cells to acquire a rounded
morphology (Gitai et al., 2005), the cells retained their rod-
shaped morphology within the short time course of these exper-
iments.
To confirm the role of MreB in PopZ localization, we observed
the localization of PopZ-YFP in an MreB depletion strain, in
which the chromosomalmreB gene is deleted andmreB is tran-
scribed from a xylose-inducible promoter (Figure 5B). After
depletion of MreB protein in xylose-free medium, PopZ-YFP
was delocalized. Because E. coli cells are able to support the po-
lar localization of heterologously expressedC. crescentus PopZ,
we asked if E. coli MreB is similarly required for PopZ localiza-
tion. Treatment of PopZ-YFP expressing E. coliwith A22 resulted
in PopZ-YFP delocalization (Figure 5C). Thus, active MreB con-
tributes to the maintenance of PopZ at the cell poles in two
widely diverse organisms.
PopZ Assembles into Structured Oligomers
PopZ and its homologs in other a-proteobacteria are predicted
to be cytoplasmic. They are rich in proline and acidic residues,
but do not contain any domains that are conserved in other
proteins. In the course of purifying PopZ, gel filtration chroma-
tography revealed that His-tagged PopZ protein formed a
high molecular weight complex when expressed in E. coli
(Figure 6A). Analysis of the purified protein by native gel electro-
phoresis and Coomassie staining showed that the material was
approximately 650 kDa in size (Figure 6B, left panel). The largest
band, as well as a slightly smaller product, were recognized by
the PopZ antibody, and persisted after removal of the His6
tag. Complete solubilization of this material for SDS-PAGE
(Figure 6B, right panel) revealed that it was composed of a
37 kDa protein. There is a large disparity between the calculated
molecular weight of the monomeric protein (19 kDa) and its ap-
parent size by SDS-PAGE, perhaps because the many nega-
tively charged residues give it an unusual mass-to-charge ratio
(pI = 3.88), or because the strings of adjacent proline residues
give the denatured protein a kinked conformation.
To determine if these large PopZ complexes exist in C. cres-
centus, we compared the mobility of PopZ in whole cell lysates
of C. crescentus and E. coli cultures (expressing PopZ) with
purified protein (Figure 6C). We found that the majority of PopZ
in C. crescentus cells is the same size as the major band in
E. coli, indicating that the high molecular weight PopZ complex
is a physiologically relevant form. In the whole cell lysates, we
observed an additional band (excluded from our preparations
of purified PopZ during size exclusion chromatography) that is
approximately half the size of the major band, suggesting that
PopZ complex assembly has at least one stable alternate or in-
termediate form. Since we were unable to detect monomeric
Figure 5. MreB Activity Is Required for the
Polar Localization and Maintenance of
PopZ
(A) A22 inhibits the formation of PopZ-YFP foci at
the new pole. Strain GB301 (cfp-parB; PvanA-
popZ-yfp) was grown in M2G medium, and
PopZ-YFP expression was induced by the addi-
tion of 50 mM vanillate for 2 hr before dividing the
cells into two fractions for synchronization. One
fraction was treated with 10 mM A22 during syn-
chrony. The isolated swarmer cells were allowed
to grow on an agarose pad containing M2Gmedia
with or without A22 at room temperature. After
2 hr, the number of cells with one or two polar
PopZ-YFP foci were quantified (+A22 n=922; no
A22 n=664). A22 treatment inhibited the transloca-
tion of CFP-ParB foci to a similar degree (data not
shown). The data was collected from two indepen-
dent experiments, which differed by less than 2%.
Similar results were obtained in cultures grown in
liquid media.
(B) MreB depletion causes delocalization of
PopZ-YFP polar foci. Strain GB325 (DmreB;
pMR10+PxylX-mreB; PvanA-popZ-yfp) was grown
for 24 hr in M2G medium supplemented with
0.03% xylose (top panels) or in M2G medium
without xylose (bottom panels) and stimulated with 50mM vanillate for 2 hr prior to microscopic analysis. Left panels: phase contrast images; right panels:
PopZ-YFP fluorescence.
(C) A22 inhibits the polar localization of heterologously expressed PopZ-YFP. E. coli strain GB297 was grown to log phase in LB media and supplemented with
either 0.2% L-arabinose (for PopZ-YFP expression, top panel) or 0.2% arabinose plus 10 mMA22 (bottom panel) for 105min prior to microscopic analysis. PopZ-
YFP fluorescence (red) is overlaid on the phase contrast image.PopZ in whole cell lysates, we propose that PopZ is synthesized
and assembled into small oligomers (approximately 325 kDa and
650 kDa) in the cytoplasm. We examined the effects of inhibiting
MreB activity on the formation of PopZ oligomers, and found that
the depletion of MreB fromC. crescentus (Fig 6C, compare lanes
4 and 5) and the addition of A22 to E. coli (compare lanes 2 and 3)
did not affect the PopZ oligomerization state in whole cell ly-
sates, suggesting that PopZ oligomerization is independent of
polar accumulation.
Electronmicroscopy of purified PopZ oligomers (Figure 6D) re-
vealed filament-like structures of 5 nanometers in diameter. They
were distributed in length, including some ranging from 25–50
nanometers, as well as some branched filaments that were
over 200 nanometers long (Figure 6D, upper panel). The approx-
imately 650 kDa PopZ oligomers in cell lysates (Figures 6A–6C)
may be the short filaments, which are capable of assembling
into larger branched forms. At slightly higher concentrations,
PopZ formed a polymeric network (Figure 6D, lower panel) in
which 3-way junctions were the prominent type of intersection
between filaments (Figure 6E, circles). These networks were ob-
served directly in solution using cryogenically fixed samples
(Figure S4), indicating that their assembly is not an artifact in-
duced by drying the protein on carbon coated grids.
To determine if PopZ has an intrinsic ability to assemble into
filaments, the purified protein was unfolded in the presence of
8 molar urea. The urea was then removed by dialysis, and re-
folding was analyzed using a variety of techniques. Small Angle
X-ray Scattering (SAXS) measurements demonstrated that PopZ
was denatured in the presence of urea, and that it adapted
a conformation that is similar to the original form after dialysis(Figure 6F). Using native gel electrophoresis, we found that the
re-folded protein had the same high molecular weight size as
the original material, and the presence of filaments was con-
firmed by electron microscopy (Figure 6G).
DISCUSSION
The linear order of genetic loci on bacterial chromosomes
reflects their relative position in the cell (Teleman et al., 1998;
Viollier et al., 2004); Figure 1A). This chromosome organization
is maintained during sequential segregation of the replicating
DNA (Nielsen et al., 2006; Viollier et al., 2004) such that replica-
tion initiation is followed rapidly by the segregation of origin
regions to defined subcellular positions. The dynamic cellular
organization of the replicating chromosome is analogous to the
mitotic apparatus in eukaryotes, and suggests that bacterial
cells may have evolved similarly complex mechanisms for DNA
segregation. However, the mechanisms used by bacterial cells
to separate and maintain the cellular positions of replicating
chromosomes are poorly understood. In C. crescentus, as in
V. cholera (chr1), the region of the chromosome bearing the ori-
gin and the nearby parS sequences reside at the cell pole in qui-
escent cells (Fogel and Waldor, 2005; Jensen and Shapiro,
1999). Upon initiation of replication, the newly duplicated origin
region, in complex with the ParB partition protein, moves across
the cell and is retained at the opposite pole (Fogel and Waldor,
2005; Thanbichler and Shapiro, 2006). The segregation of the
rest of the replicating chromosome is dependent on the trans-
port of the duplicated origin to the opposite pole ([Gitai et al.,
2005]; Figure 1A).Cell 134, 945–955, September 19, 2008 ª2008 Elsevier Inc. 951
Figure 6. PopZ Assembles into a Structured
Oligomer In Vitro
(A) Size analysis of 6His-PopZ complexes purified
from E. coli by gel filtration. Elution volume (X-axis)
is plotted against absorbance at 280nm (Y-axis).
The red trace shows the profile of molecular
weight standards (size indicated above peaks),
the blue trace is the profile of purified 6His-
PopZ. The first peak (arrowhead) was determined
to be PopZ by analyzing the corresponding frac-
tions by SDS-PAGE and Coomassie staining; the
second peak (asterisk) contained proteins that
do not match the MW of PopZ.
(B) Analysis of purified PopZ by electrophoresis.
His6-PopZ was purified from an E. coli lysate and
separated by native gel electrophoresis (left panel)
and SDS-PAGE (right panel), with molecular
weight standards (in kDa) in the left-most lane.
The gels were analyzed by either Coomassie
staining (lanes 1 and 2) or western blotting with
anti-PopZ antibody (lanes 3 and 4). In lanes 2
and 4, the 6His tag was cleavedwith thrombin pro-
tease before loading.
(C) PopZ assembles into high molecular weight
complexes in vivo. Proteins were isolated from
whole cell lysates of wild-type cells, separated
by native gel electrophoresis, and analyzed by im-
munoblotting with an anti-PopZ antibody. Lanes
1,4, and 5 contain lysates of C. crescentus cells
(7 mg total protein) from a wild-type strain (lane
1), and MreB depletion strain LS3809 in the pres-
ence (lane 4) and absence (lane 5) of xylose-in-
duced MreB expression; lanes 2 and 3 are lysates
from E. coli strain GB296 (0.3 mg total protein) that
were induced to express PopZ heterologously by
the addition of 0.2% L-arabinose for 100 minutes
prior to lysis, either left untreated (lane 2) or treated
with 10 mMA22 for 3.5 hr prior to lysis (lane 3); lane
6 contains approximately 3 ng of purified PopZ
protein.
(D) Transmission electron micrographs of PopZ
complexes. Purified PopZ diluted to 49 mg/ml
(top panel) or 54 mg/ml (bottom panel) was placed
on a carbon coated grid, negatively stained, and
viewed at 86,0003 magnification.
(E) PopZ filament assemblies are connected by 3-
way junctions. The filaments in D were traced with
a green line, and examples of 3-way junctions
were circled in yellow. The field also contains
a small number of 4-way junctions.
(F and G) PopZ filaments self-assemble in vitro.
Purified PopZ was denatured in 1 M urea or 8 M
urea, then allowed to renature by dialysis into
buffer without urea. (F) Denaturation of the sample
in 8 M urea was confirmed by Small Angle X-ray
Scattering (SAXS). The data is represented in
a Kratky plot, in which folded proteins have para-
bolic features. The near elimination of this feature
in the urea containing sample indicates that this
sample is significantly unfolded compared to the
original and renatured samples. (G) Purified PopZ (lane 1) was compared with renatured material from samples placed in 1 M urea (lane 2) or 8 M urea (lane 3)
on a native gel stained with Coomassie (left panel), and thematerial that was recovered from 8Murea was analyzed by electronmicroscopy, as in (D) (right panel).We present evidence that the ori/ParB complex is specifically
anchored to the pole in C. crescentus by a novel polymeric pro-
tein, PopZ. Although PopZ and ParB colocalize at the pole bear-952 Cell 134, 945–955, September 19, 2008 ª2008 Elsevier Inc.ing the newly arrived ori/ParB complex, their positions are some-
what off-set at the stalked (old) pole after replication initiation
(Figure 2). We propose that the anchor must be relieved to
enable replication initiation and/or translocation of the replicated
origin to the new pole. This likely involves themodulation of PopZ
or ParB function, possibly through direct modification of the pro-
teins, or by the activation of an inhibitor that physically disrupts
the interaction between ParB and PopZ. Furthermore, the
PopZ that resides at the stalked pole likely performs additional
functions in polar organization, as evidenced by the inability of
DpopZ strains to form polar stalks and the mislocalization of
two integral membrane polar histidine kinases in a PopZ deple-
tion strain (G.B., unpublished data). Thus, it may be that PopZ
complexes perform different roles at the two poles.
Capture and Assembly of a Chromosomal Anchoring
Protein at the Cell Pole
PopZ-YFP single molecule microscopy showed that PopZ dif-
fuses randomly within the cytoplasm and is only immobilized
when it interacts with the cell pole. This demonstrates that any
nonspecific interactions between PopZ and chromosomal DNA
do not prevent PopZ molecules from moving rapidly within the
cell, and suggests that PopZ arrives at the poles by diffusion
rather than directed transport. This diffusion/capturemechanism
of protein localization argues that there are polar factors enabling
the capture of PopZ. Because one pole remains free of PopZ in
C. crescentus swarmer cells and in E. coli that express PopZ het-
erologously, themere presence of a pole is not sufficient for polar
accumulation. In both of these organisms, the polar capture of
PopZ is dependent on active MreB, indicating a role for the cyto-
skeleton in polar assembly. It has been reported previously that
MreB is required for the segregation of chromosomal origins to
the cell poles (Gitai et al., 2005). An unresolved question is
whether the roles of MreB in origin segregation and PopZ polar
accumulation are part of a single pathway, or if MreB contributes
to those functions via distinct mechanisms.
MreB has been implicated in the polar localization of several
proteins in C. crescentus (Gitai et al., 2004) as well as in E.coli
(Nilsen et al., 2005). The underlying mechanism is not known,
but may be an indirect effect of the influence of MreB on the
construction of the cell wall (Carballido-Lopez et al., 2006;
Divakaruni et al., 2007). Alternatively, MreB may form polar nu-
cleation sites for cytoplasmic proteins when in the extended he-
lical conformation at the swarmer to stalked cell transition (Gitai
et al., 2004).
Purified PopZ forms a network of filaments, interconnected by
trimeric junctions.We propose that a similar network forms at the
poles in live cells, forming a ‘‘Velcro-like’’ adhesive for ParB in
complex with DNA. During sporulation inBacillus subtilis, the po-
lar protein DivIVA is required to anchor the chromosome origin to
the cell pole (Ben-Yehuda et al., 2003). Purified DivIVA assem-
bles into protofilaments in vitro (Stahlberg et al., 2004) though
the structure (described as ribbons of ‘‘doggy bone’’ shaped
subunits) differs from the PopZ network. The chromosome-
associated target for polar DivIVA has not been established. Ge-
netic experiments indicate that it is not the ParB homolog Spo0J,
but an unrelated origin-binding protein called RacA (Ben-Yehuda
et al., 2003), although a direct interaction between DivIVA and
RacA has not been demonstrated. Coimmunoprecipitation ex-
periments in the presence of a crosslinking agent have shown
that DivIVA and Spo0J are in close proximity during sporulation(Perry and Edwards, 2006), yet the mechanistic relationship be-
tween these proteins is unclear, and spo0Jmutants do not affect
chromosome anchoring unless they are combined with a racA
mutant (Wu and Errington, 2003). In this study, we establish
the PopZ-ParB interaction in C. crescentus as the physical link
between the cell pole and the chromosome. Despite outward
similarities in structure and function, DivIVA and PopZ do not
share any appreciable sequence similarity. We speculate that
the common features of these two molecules have emerged
through constraints associated with the convergent evolution
of two different chromosome anchoring mechanisms in organ-
isms widely separated in evolutionary time.
Making a Complete Origin Segregation System
In order to achieve a complete mechanism for chromosome or-
igin segregation, the anchoring function proposed in this work
must be coupled with an activity that moves the newly replicated
origins towards opposite ends of the cell. The best understood
mechanisms for origin segregation come from studies of Type I
partitioning plasmids, which encode a three component segre-
gation mechanism that includes a ParB homolog, a plasmidic
ParB binding site (parS) and a polymer forming ATPase, ParA,
that provides the driving force for plasmid separation (Ebersbach
and Gerdes, 2005). Comparison of these systems to other
closely related plasmid segregation mechanisms (Garner et al.,
2007) suggests that ParB/plasmids are propelled apart by the
expansion of a ParA filament that forms between ParB foci
(Ebersbach et al., 2006). In the case of Type I plasmids, a mech-
anism that holds the segregated plasmids at their destinations is
either unnecessary for plasmid stability or has not yet been dis-
covered. In this work, we have shown that such an anchoring
mechanism exists for a chromosomally encoded ParB/parS sys-
tem, through direct interaction with PopZ.
Although the factors that contribute to the movement and re-
tention of newly replicated chromosomal origins at the cell
pole have not been fully characterized, existing data implicates
both the ParA/B system and the MreB cytoskeleton, two sys-
tems that are mechanistically connected to PopZ. In V. cholerae
the movement of chromosome origins to the cell poles is thought
to be accomplished by the retraction of a ParA filament, which is
attached to an origin at one end and the cell pole at the other end
(Fogel and Waldor, 2006). The proposed membrane association
of V. cholerae ParA differs from the models of plasmid partition-
ing, and the polar anchor for the ParA filament is not known. No
obvious homolog of PopZ is present in this system.
Thework presented here shows that a polar anchoring protein,
PopZ, directly interacts with ParB at the chromosome origin, and
this interaction is required to complete the segregation of newly
replicated chromosomes. The discovery of oligomeric polar
proteins like PopZ, that provide critical functions for the estab-
lishment of the polar axis of the bacterial cell, is revealing the
underlying principles of large-scale cellular organization.
EXPERIMENTAL PROCEDURES
Bacterial Strains, Cell Growth, and Cell Synchronization
The growth conditions for C. crescentus and E. coli cultures and the synchro-
nization of cells are given in detail in the Supplemental Data available on theCell 134, 945–955, September 19, 2008 ª2008 Elsevier Inc. 953
Cell website. A list of all relevant strains and plasmids is provided in Tables S2
and S3.
Bioinformatic Screen for Proteins that Are Active at the Cell Poles
The probabilistic protein interaction network described by Srinivasan et al.
(2006) was expanded by using publicly available sequence data from over
200 bacterial genomes. The likelihood that each annotated polypeptide was
predicted to interact with an individual polar bait protein (Table S1) was tabu-
lated in an Excel spreadsheet, and overall likelihood for polar activity was cal-
culated as the aggregate interaction score for each polypeptide with all of the
46 bait proteins. 36 high scoring candidates were chosen for analysis.
CoImmunoprecipitation
1 liter of cell culture in PYEmedium was washed in Co-IP buffer (20 mMHepes
[pH 7.5], 100 mM NaCl, 20% glycerol), treated with the membrane permeable
crosslinking agent DSP (Peirce) at a final concentration of 2 mM, then lysed in
a French press. After treating the lysate with detergent (Igepal CA-630 and So-
dium Deoxycholate at 1% and 0.5% final concentration, respectively, with ad-
ditional 2 mM EDTA), PopZ-M2 was immunoprecipitated with the anti-FLAG
affinity gel agarose beads from the FLAGIPT-1 kit (Sigma).
Preparation of PopZ Protein and Refolding Experiments
6-His tagged PopZwas expressed at high levels in E. coli and purified from cell
lysates with a cobalt affinity column. After cleavage of the 6-His tag by diges-
tion with thrombin, PopZ was further purified by gel filtration chromatography.
Measurements of protein concentrationwere performed using the BCAprotein
assay (Pierce). For refolding experiments, PopZ was purified in buffer contain-
ing 50 mM NaCl, 50 mM Tris [pH 8.0], and urea was added to a final concen-
tration of 1 M or 8 M. After 1 hr incubation at 37C, urea was removed by four
repetitions of spin dialysis and resuspension in the original buffer.
Surface Plasmon Resonance
Experiments were performed on a Biacore 3000 system. ParB was covalently
immobilized on the surface of a CM5 biosensor chip (Biacore) using amine
coupling chemistry, and PopZ and other proteins were diluted in BCG+M
buffer (50mM Hepes/NaOH, [pH 7.2], 50mM KCl, 5mM MgCl2) and injected
over the ParB surface at different concentrations at a flow rate of 20ml/min.
To measure the affinity of the ParB-PopZ interaction, association was moni-
tored in Buffer 50/25PSM+BSA (50 mM Na-phosphate [pH 8.0], 25 mM
NaCl, 5 mM MgCl2, 0.1 mg/ml BSA), with 75ml of PopZ injected over the
ParB surface at different concentrations at a flow rate of 30 ml/min. Dissocia-
tion was allowed to occur at the same flow rate for 240 seconds.
Electrophoretic Mobility Shift Assay
The probe was prepared by end-labeling linear DNA with T4 Polynucleotide
Kinase in the presence of [g-32P]-ATP. The DNA probes (at 1.1nM) were then
incubated with the indicated proteins for 30 min at 30 C in reaction buffer (40
mM Na-phosphate [pH 8.0], 20 mM NaCl, 5 mM MgCl2, 7% glycerol contain-
ing 20 mg/ml BSA and 4.75 mg/ml sheared salmon sperm DNA), and twenty mi-
croliter samples were loaded on a nondenaturing 3% polyacrylamide gel and
run in 1X TBE buffer supplemented with 5 mM MgCl2.
SAXS Analysis
Solution x-ray scattering (SAXS) experiments were performed on the SIBYLS
beamline at the Advanced Light Source using an energy of 8 keV (1.55 Ang-
stroms). The concentration of PopZ used for these experiments ranged from
1.5 to 3.3 mg/ml, with the standards in the range of 1.2–2.4 (no urea) or
1.6–5.6 mg/ml (with urea).
Electron Microscopy
The high MW PopZ peak from gel filtration chromatography (above) was
diluted to the indicated concentration in buffer 50/25PS (50 mM sodium phos-
phate, [pH 8.0], and 25 mM NaCl). 5 ml aliquots were placed on glow-
discharged Formvar carbon coated grids (Ted Pella 01753-F), incubated for
2 min, washed in buffer, blotted, and stained with 2% uranyl acetate for
30 s. Images were acquired on a JEOL–3100 electron microscope at 300 kV.954 Cell 134, 945–955, September 19, 2008 ª2008 Elsevier Inc.Supplementary Materials
A detailed description of the coimmunoprecipitation protocol, the preparation
of PopZ protein, and anti-PopZ antibodies, as well as the surface plasmon res-
onance and gel shift experiments, is provided with this paper online.
SUPPLEMENTAL DATA
Supplemental Data include Supplemental Experimental Procedures, Supple-
mental References, four figures, and three tables and can be found with this
article online at http://www.cell.com/cgi/content/full/134/6/945/DC1/.
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